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Abstract 

Background: Fibrocytes are a population of circulating bone-marrow-derived cells that express surface markers for 
leukocytes and mesenchymal cells, and are capable of differentiating into myofibroblasts. They have been observed 
at sites of active fibrosis and increased circulating numbers correlate with mortality in idiopathic pulmonary fibrosis 
(IPF). Inhibition of chemokine (C-C motif) receptor 2 (CCR2) during experimental models of lung fibrosis reduces 
lung collagen deposition, as well as reducing lung fibrocyte accumulation. The aim of the present study was to 
determine whether human and mouse fibrocytes express functional CCR2. 

Results: Following optimized and identical human and murine fibrocyte isolation, both cell sources were shown to 
be positive for CCR2 by flow cytometry and this expression colocalized with collagen I and CD45. Human blood 
fibrocytes stimulated with the CCR2 ligand chemokine (C-C motif) ligand 2 (CCL2), demonstrated increased 
proliferation {P < 0.005) and differentiation into myofibroblasts {P < 0.001), as well as a chemotactic response [P < 
0.05). Murine fibrocytes also responded to CCR2 stimulation, with CCL12 being more potent than CCL2. 

Conclusions: This study directly compares the functional responses of human and murine fibrocytes to CCR2 
ligands, and following comparable isolation techniques. We have shown comparable biological effects, 
strengthening the translatability of the murine models to human disease with respect to targeting the CCR2 axis to 
ameliorate disease in IPF patients. 



Background 

Fibrocytes are a population of circulating cells that have 
been reported to express a variety of markers including 
leukocyte markers (CD45, CD34), mesenchymal markers 
(collagen I, fibronectin) and chemokine receptors (che- 
mokine (C-C motif) receptor 3 (CCR3), CCR5, CCR7 
and C-X-C chemokine receptor type 4 (CXCR4)) [1]. 
Human and mouse studies have demonstrated that 
fibrocytes from peripheral blood migrate to skin wound 
chambers [1-3] and bronchial mucosa after antigen chal- 
lenge [4]. Furthermore, these cells have been reported in 
disease states with fibrotic pathologies including hyper- 
trophic scars, asthma and idiopathic pulmonary fibrosis 
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(IPF) [4-7]. Fibrocytes are functionally pleiotropic, 
potentially contributing to fibrogenesis by directly pro- 
ducing collagen, as well as inflammatory cytokines, 
hematopoietic growth factors, and chemokines [6-10]. 

In preclinical models of lung fibrosis, inhibition of var- 
ious chemokine receptor/ligand pathways reduces lung 
fibrosis and it has been hypothesized to be in part due 
to a reduction in fibrocyte recruitment [6-9]. However, 
the effect of inhibiting specific chemokine receptors 
expressed on fibrocytes in the clinical setting remains to 
be elucidated. CCR2 is the high-affinity receptor for its 
ligand chemokine (C-C motif) ligand 2 (CCL2) (mono- 
cyte chemoattractant protein 1 (MCP-1)). We have 
recently shown that IPF patients have increased CCL2 
in the circulation [11]. However, the expression of 
CCR2 on human fibrocytes has yet to be described. In 
murine models of fibrosis, CD45 + lung fibrocytes iso- 
lated from the lung express CCR2 [6]. Inhibition of this 
chemokine axis through monoclonal antibody 
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neutralization of the ligands resulted in a decrease in 
fluorescein isothiocyanate (FITC)-induced fibrosis, with 
a concomitant reduction in fibrocyte number in the 
lung [7]. Further, in vitro, mCCL2/JE and mCCL12/ 
MCP5 promote lung-derived fibrocyte migration [6,7]. 

Several studies have recently demonstrated increased 
fibrocytes in the circulation of patients with fibrotic 
lung disease [12,13], and the presence and modulation 
of fibrocytes in experimental models of lung fibrosis 
[6,9,14]. However, one confounding issue when compar- 
ing interpretations across different laboratories is that 
the isolation techniques, fibrocyte cell markers and iso- 
lation parameters vary. Therefore, we sought to directly 
compare fibrocytes from human and mouse blood using 
an optimized technique, and measured functional 
responses in the same assay systems, thus enabling 
cross-species comparisons. 

Methods 

Fibrocyte isolation from human and murine peripheral 
blood 

For collection of human blood, all necessary permissions, 
approvals, and licenses, including approval by a relevant 
third party Institutional Review Board (IRB) of an 
Informed Consent Form and Protocol and any relevant 
study-related documentation required by the IRB, were 
collected and maintained for the sourcing, handling, sto- 
rage, banking, transport, or use of biological samples from 
employee volunteers at Centocor, R&D, Inc. For BALB/c 
mouse blood collection, all animal studies were approved 
by the Centocor Institutional Animal Care and Use Com- 
mittee (IACUC) in accordance with Federal guidelines. 
Total peripheral blood mononuclear cells (PBMCs) were 
isolated from human (60-100 ml of blood was drawn from 
healthy donors 20-60 years of age) or murine blood 
(approximately 1 ml of blood was drawn from each mouse 
(6-10 weeks of age) and the blood was pooled from 10 
mice) by centrifugation over Ficoll-Paque (Pharmacia, 
Uppsala, Sweden) following the manufacturer's protocol. 
After 2 days in culture on uncoated culture dishes in Dul- 
becco's modified Eagle medium (DMEM; Life Technolo- 
gies, Gaithersburg, MD, USA) supplemented with 20% 
fetal calf serum (FCS; HyClone Labs, Logan, UT, USA), 
the non-adherent cells were removed by a single, gentle 
aspiration. Following 10 to 12 days of continuous culture 
for human blood and 14-18 days for murine blood, the 
adherent cells were lifted by incubation in Accutase (Milli- 
pore, Billerica, MA, USA) and were depleted by immuno- 
magnetic selection of contaminating T cells (pan-T, anti- 
CD2; Miltenyi Biotech, Auburn, CA, USA), monocytes 
(anti-CD14, Miltenyi Biotech), and B cells (Pan-B, anti- 
CD 19, Miltenyi Biotech). Cell viability was determined to 
be >90% by Guava analysis (Millipore). Immunohisto- 
chemistry (IHC) and flow cytometry staining of this 



population confirmed that these cells were positive for 
both CD45 and collagen-I fibrocyte markers. Typically, the 
isolated blood fibrocytes from both human (n = 4) and 
mouse blood (n = 3, 10 mice pooled per experiment) 
represented less than 0.5% of the starting PBMC pool. 

Immunohistochemistry 

For immunofluorescence, cells were seeded into eight- 
well chamber slides at 1.5 x 10 4 viable cells/well and 
were fixed when semiconfluent (day 7) in 3% formalde- 
hyde for 10 min at room temperature and subsequently 
washed several times in phosphate-buffered saline (PBS). 
The cells were permeablized with methanol for 10 min 
at -20°C and washed in staining buffer (0.2% bovine 
serum albumin (BSA) (Sigma Aldrich, St. Louis, MO, 
USA) and 0.02% sodium azide in PBS). Blocking of non- 
specific antibody binding was performed with Universal 
power blocking solution (Biogenex, San Ramon, CA, 
USA) for 5 min at room temperature and washed in 
staining buffer. Blocked slides were incubated for 2 h at 
room temperature in staining buffer with primary anti- 
bodies. Human cells were stained with chicken anti- 
human CCR2 polyclonal antibody (Genway Biotech Inc, 
San Diego, CA, USA) and mouse anti-human CD45 
monoclonal antibody (eBiosciences, San Diego, CA, 
USA). Murine cells were stained with chicken anti- 
human CCR2 polyclonal antibody (Genway Biotech), rat 
anti-mouse CD45 monoclonal antibody (BD Biosciences, 
San Jose, CA, USA) and rabbit anti-mouse collagen I 
polyclonal antibody (Chemicon, Temecula, CA, USA). 
Murine cells were costained with either CD45 and col- 
lagen I, or CCR2 and CD45, or CCR2 and collagen I. 
Isotype controls were used for non-specific background 
which included: chicken IgY isotype control (Southern- 
Biotech, Birmingham, AL, USA), mouse l%Gi isotype 
control (BD Biosciences), rat IgG 2 b isotype control (BD 
Biosciences) and rabbit IgG isotype control (Imgenex, 
San Diego, CA, USA). The cells were washed three 
times in staining buffer. The secondary antibody was 
added and incubated for 1 h in the dark. The secondary 
antibody for CCR2 was goat anti-chicken IgY-FITC 
(Genway Biotech), CD45 was Alexa Fluor 594 goat anti- 
rat IgG (H+L) (Molecular Probes, Eugene, OR, USA) 
and collagen I was Alexa Fluor 647 goat anti-rabbit Ig 
(H+L) (Molecular Probes). Stained slides were washed 
three times and mounted (Slowfade Gold antifade with 
4 , ,6-diamidino-2-phenylindole (DAPI); Molecular 
Probes). All slides were viewed on the laser confocal 
microscope (UltraVIEW ERS spinning disk; Perkin 
Elmer, Wellesley, MA, USA). 

Flow cytometry analysis 

For flow cytometry analysis, 2 x 10 5 viable cells were 
added to flow tubes and centrifuged. The cells were 
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resuspended in 50 [d of staining buffer (0.2% BSA and 
0.02% sodium azide in PBS) and 1 ul of Fc blocker (BD 
Biosciences). The cells were incubated for 10 min. Spe- 
cies-relevant phycoerythrin (PE)-conjugated anti- CD45 
monoclonal antibodies (BD Biosciences) were added and 
incubated for 40 min after which the cells were washed 
three times with staining buffer, fixed and permeabilized 
by adding BD cytofix/cytoperm (BD Biosciences) for 20 
min. The cells were centrifuged and resuspended in 
blocking solution (BD buffer solution) for 5 min. The 
cells were incubated for 40 min with chicken anti- 
human CCR2 primary antibody (Genway Biotech) and 
biotin anti-collagen I (Rockland, Gilbertsville, PA, USA). 
The cells were washed three times with BD buffer and 
the secondary antibody for CCR2, FITC-IgY antibody 
(Genway Biotech) and for collagen I, streptavidin-APC 
(BD Biosciences) was added and incubated for 30 min. 
The cells were washed three times and fixed with 3% 
paraformaldhyde. Isotype controls used for non-specific 
background included: chicken IgY isotype control 
(SouthernBiotech), PErat IgG 2 b isotype control (BD 
Biosciences), rat IgG 2a isotype control (BD Biosciences), 
and IgG fraction of anti-Biotin (Rockland). 

Cell proliferation assay 

Selected human and murine blood fibrocytes were pla- 
ted at 0.5 x 10 4 viable cells/well in a 96 well tissue cul- 
ture plate. The cells were incubated in control media 
(10% BSA in DMEM) overnight. The media was 
removed and replaced with mCCL2 (1 [iM equivalent to 
8.8 ng/ml) (Peprotech, Rocky Hill, NJ, USA), CCL12 (1 
(iM equivalent to 9.3 ng/ml) (Peprotech) or platelet- 
derived growth factor (PDGF)-AB (Peprotech) for mur- 
ine fibrocytes and hCCL2 (Peprotech) or PDGF-AB for 
human fibrocytes in serum free media (1% BSA and 
insulin transferrin selenium (ITS; Invitrogen, Carlsbad, 
CA, USA) in DMEM). The fibrocyte cells were incu- 
bated for 96 h at 37°C in a humidified chamber. The 
proliferative activity was measured using CellTiter-Glo 
Luminescent Cell Viability Assay (Promega, Madison, 
WI, USA). CellTiter-Glo is a homogeneous method of 
determining the number of viable cells in culture 
through generation of a luminescent signal based on 
quantitation of the ATP present, an indicator of meta- 
bolically active cells [15]. 

Cell surface ELISA for a-smooth muscle actin in fibrocytes 

Selected human blood fibrocytes were plated at 1.5 x 
10 4 cells/well in an opaque 96 well tissue culture plate. 
The cells were incubated in control media (10% BSA in 
DMEM) overnight. The media was removed and replace 
with hCCL2 or transforming growth factor (TGF) p 
(Peprotech) in serum free media (1% BSA and ITS in 
DMEM). The cells were incubated for 96 h at 37°C in a 



humidified chamber. a-Smooth muscle actin (SMA) 
expression was evaluated on 96 well plates (cell surface 
ELISA) as previously reported [16-18]. Briefly, the cells 
were fixed by adding 100 |il of cold 100% methanol. 
The methanol was removed after 10 min and the wells 
were washed three times with 100 \i\ of PBS plus 0.5% 
Tween-20 (Wash buffer). The wells were then blocked 
with 3% H 2 0 2 for 3 min before being washed three 
times with 100 (il of wash buffer. The cells were blocked 
a second time using DMEM containing 2% FCS for 20 
min before being washed three times with 100 \i\ of 
wash buffer. The primary antibody a-smooth muscle 
actin (Sigma Aldrich) was added to the cells and incu- 
bated for 60 min at room temperature. The cells were 
washed with 100 [d of wash buffer and incubated with 
secondary antibody (Anti-mouse conjugated with horse- 
radish peroxidase; Sigma Aldrich) for 60 min at room 
temperature. The secondary antibody was then removed 
and the wells were washed three times. A total of 100 (il 
of 2,2"-azino-bis[3-ethylbenzothiazoline-6-sulfonate] 
(ABTS, Sigma Aldrich) was added into the wells and 
incubated for 60 min at room temperature. The reaction 
was stopped by adding 100 [il of 1% SDS into each well. 
The optical density of the wells was analyzed using a 
plate reader at wavelength of 405 nm. 

Chemotactic migration assay 

The blood fibrocytes were assayed in a 300 (il, 96-well 
microplate ChemoTx system using 5 [im PVP-free poly- 
carbonate filters (Neuroprobe Inc., Gaithersburg, MD, 
USA) [19]. Chemotactic stimuli was CCL2 (Peprotech) 
diluted to different concentrations (n = 4-5 per sample 
condition) in 2% BSA in DMEM and added in the bot- 
tom wells of the chamber. 2% BSA in DMEM alone was 
added in the bottom of the chamber as a negative con- 
trol (random chemotaxis). Cells were suspended in 60 \i\ 
of 2% BSA in DMEM (30 000 cells/well) and added on 
the top of the chamber Cells were allowed to migrate 
overnight at 37°C in a 5% C0 2 incubator. After migra- 
tion, cells were wiped from the top filter and the plate 
was centrifuged at 500 g. The cells were resuspended in 
100 (il and cells migrating across the membrane into the 
lower chamber were determined using the Cell Titer- 
Glo Luminescence Cell Viability Assay. The chemotaxis 
index of hCCL2 was calculated by comparing the num- 
ber of cells that migrated towards hCCL2 in comparison 
to the number of cells that spontaneously migrated into 
the bottom chamber. 

Statistical analysis 

Differences between multiple groups were analyzed by 
analysis of variance (ANOVA) using least significant dif- 
ference method. A P value < 0.05 was considered 
significant. 
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Results 

We assessed the phenotype and in vitro function of 
fibrocytes, or bone-marrow-derived collagen-producing 
cells, isolated from human and murine blood. Therefore 
in order to be able to directly compare the phenotype 
and function of human with mouse fibrocytes, we used 
identical isolation techniques. 

Blood fibrocytes express CCR2 

A key morphological characteristic of fibrocytes is the 
irregular star or spindle shape [2,9,20]. Under our cul- 
ture conditions, we observed cells from human and 
murine blood exhibiting this morphology (Figures 1 and 
2). In the human cell system, using confocal microscopy, 
we detected CCR2 expression being coexpressed in the 
elongated CD45 + cells (Figure 1). In the mouse blood 
derived cells, the majority of cells were CD45 + collagen 
I + (Figure 2). Here CCR2 expression was colocalized 
with both CD45 + and collagen I + (Figure 2). 

To quantify the expression of CCR2 on human and 
murine cultured fibrocytes, freshly isolated peripheral 
blood mononuclear cells were triple stained with CD45, 
collagen I and CCR2 and enumerated by flow cytometry. 
Approximately 97% of the human blood fibrocytes were 
CD45 and collagen I positive (Figure 3C). Of this popu- 
lation, the cells were strongly positive for CCR2 (Mean 
fluorescence intensity (MFI) = 1221) compared to the 
IgY isotype control (MFI = 41) (Figure 3D). In mice, 
approximately 92% of the cultured blood cells stained 
strongly for collagen I and 32% of this population also 
expressed CD45 (Figure 3G). A time-dependent loss of 
CD45 in human fibrocyte culture has been observed 
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Figure 1 Positive chemokine (C-C motif) receptor 2 (CCR2) 
expression in human blood fibrocytes by confocal microscopy. 

Fibrocytes after primary passage were costained with CCR2 and 
CD45 or isotype controls (chicken IgY and murine lgG n ). Nuclei were 
stained with 4',6-diamidino-2-phenylindole (DAPI; blue). Cells were 
examined at 60 x magnification. Representative images from three 
donors. 

V ' 



previously [9]. Therefore, reduced CD45 expression in 
the murine versus human fibrocytes in this study may 
have been due to the extended time required for mouse 
fibrocyte culture. We observed that murine blood fibro- 
cytes (MFI = 230) and the CD45" collagen I + (MFI = 
186) were strongly positive for CCR2 compared to the 
IgY isotype control (MFI = 63) (Figure 3H). When com- 
paring multiple human donors and mouse blood sam- 
ples, approximately 10% of human fibrocytes and 4% of 
mouse fibrocytes are CCR2 positive (Figure 31). 

CCL2 increases blood fibrocyte proliferation 

Fibroblast proliferation is a key hallmark of IPF [21]. We 
next examined whether fibrocyte proliferative capacity 
could be increased by stimulation with CCR2 ligands. 
Here, we were able to further demonstrate that blood 
fibrocytes have functional CCR2, as exogenous CCR2 
ligands significantly enhanced proliferation in vitro (Figure 
4). In the human blood fibrocytes, 10 ng/ml of hCCL2 
induced a significant increase in fibrocyte proliferation, 
with 50 ng/ml of hCCL2 inducing the greatest effect (P < 
0.005), with a 45% increase on cell proliferation (Figure 
4A). In the CCR2 ligand assessments, murine fibrocytes 
were responsive to mCCL12 with both 50 and 100 ng/ml 
inducing proliferation (Figure 4B). However, mCCL2 did 
not mediate a significant induction of fibrocyte prolifera- 
tion at any of the concentrations tested (Figure 4B). In 
both the human and murine fibrocytes, PDGF, a fibroblast 
mitogen [22] also produced a modest increase in fibrocyte 
proliferation by approximately 20% (P > 0.1) (Figure 4), 
but was not as potent as exogenous CCR2 ligands. 

CCL2 enhanced blood fibrocyte differentiation into 
myofibroblast phenotype 

The fibrotic lesions observed in the lungs of IPF patients 
contain a-SMA + myofibroblasts [21]. Fibrocytes are 
hypothesized to migrate to the lung and differentiate 
into cell types reminiscent of fibroblasts or a-SMA + 
myofibroblasts. To determine if CCR2 has a role in this 
hallmark feature of fibrosis, we studied whether human 
fibrocytes could differentiate into myofibroblast-like 
cells in response to TGFp or hCCL2. TGFp is an impor- 
tant fibrogenic and growth- regulating cytokine involved 
in tissue remodeling and is a potent inducer of fibro- 
blast to myofibroblast differentiation, as well as mono- 
cyte to fibrocyte differentiation [1,3,4,23,24]. In our 
study, culturing human blood derived fibrocytes in 
serum-free media results in the expression of a-SMA at 
the protein level (Figure 5). However, administration of 
exogenous TGFp increased a-SMA expression by 24% 
in human blood fibrocytes. hCCL2 also increased a- 
SMA protein expression, with 100 ng/ml of hCCL2 
mediating the greatest induction of a-SMA (54%, P < 
0.001, Figure 5). 
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Figure 2 Positive chemokine (C-C motif) receptor 2 (CCR2) expression in murine blood fibrocytes by confocal microscopy Fibrocyte 
cultures were costained with CD45 and collagen 1 (A), CCR2 and CD45 (B), or CCR2 and collagen 1 (C). Fibrocytes were stained with isotype 
controls chicken IgY, rabbit IgG, and rat lgG 2 b(D). Nuclei were stained with 4',6-diamidino-2-phenylindole (DAPI; blue). Cells were examined at 40 
x magnification. Representative images from blood pooled from n = 30 mice. 



CCL2 promotes fibrocyte migration isolated fibrocytes were added to the bottom chamber of 

As fibrocytes are circulating bone-marrow-derived cells, a chemotaxis plate and increasing concentrations of 

we next assessed the ability of these cells to undergo hCCL2 were added to the top chamber. Only 100 ng/ml 

chemotactic migration in response to hCCL2. Human of hCCL2 was able to induce a significant migratory 



Ekert et al. Fibrogenesis & Tissue Repair 201 1, 4:23 
http://www.fibrogenesis.eom/content/4/1/23 



Page 6 of 9 



B 



Human blood fibrocytes 





10 100 1000 10000 

Isotype control 
rat lgG2b-PE 




O 

1000 
< j 



0) 100 -j 



O 
O 



1000 1 0000 



Murine blood fibrocytes 




10 100 1000 10000 

CD45-PE 




10 100 1000 10000 

CCR2-FITC 



H 



10000 1 




Isotype control 
rat lgG2b-PE 



100 1000 10000 

FL2 



10 100 1000 10000 

CD45-PE 




10 100 1000 10000 

CCR2-FITC 



</> 20 
0) 

o 

S 15 



2 10 

o 
o 

S 5 
0) 

o 

k. 

<D 

Q. 0 



Human Murine 
Species 

Figure 3 Positive chemokine (C-C motif) receptor 2 (CCR2) expression in human and murine blood fibrocytes by flow cytometry. 

Representative flow cytometric analysis of fibrocytes stained after primary passage with collagen I, CD45 and CCR2 or isotype controls. (C) 
Collagen I and CD45 staining of human fibrocytes with gate parameters calculated based in isotype controls (A and B). (D) Representative 
histogram of CCR2 expression (blue) in human fibrocyte population compared to IgY isotype control (red). (G) Collagen I and CD45 staining of 
murine fibrocytes with gate parameters calculated based in isotype controls (E and F). (H) Representative histogram of CCR2 expression (blue) 
and collagen I (green) compared to relevant isotype control (red). (I) Quantitative analysis of percentage of CCR2+ cells in fibrocyte population. 
Data are expressed as the mean ± SEM of n = 4 human donors and n = 30 mice. 



response in these cells (P < 0.05) (Figure 6). There was a 
non-significant trend with the lower concentrations of 
hCCL2. 

Discussion 

Circulating fibrocytes have been described to be one of 
the potential sources of increased extracellular matrix 
and myofibroblasts that are hallmarks of fibrotic 



pathologies [8,25]. Fibrocytes derived from the bone mar- 
row migrate to sites of tissue injury and may enhance 
fibrosis directly through the production of collagen and 
profibrotic factors [14,25,26]. Inhibition of fibrocyte 
recruitment and/or activation could thus allow distinct 
therapeutic paths to treat a range of fibrotic diseases. We 
have shown that both human and murine fibrocytes 
express CCR2 and stimulation of this receptor with 
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Figure 4 Chemokine (C-C motif) receptor 2 (CCR2) ligand 
promotes proliferation of human and murine blood fibrocytes. 

Human blood fibrocytes (A) were stimulated with human 
chemokine (C-C motif) ligand 2 (hCCL2) or platelet-derived growth 
factor (PDGF)-AB and murine blood fibrocytes (pooled blood from n 
= 10 mice) (B) were stimulated with mCCL2, mCCL12 or PDGF-AB. 
Cells were grown for 4 days before proliferative activity was 
measured using CellTiter-Glo Luminescent Cell viability. *P < 0.05, 
significantly different compared with untreated fibrocytes. ***P < 
0.005, significantly different compared with untreated fibrocytes. 
Data are expressed as the mean ± SEM (n = 3 replicates per 
treatment group) (representative of three separate experiments). 



relevant chemokine ligands results in profibrotic 
responses including differentiation and proliferation. In 
experimental models of lung fibrosis, blockade of CCR2 
ligands results in a reduction in collagen deposition [6,7]. 
Therefore this study directly confirms CCR2 expression 
and function between mouse cells and human cells 
which may directly translate into human disease. 

Human peripheral blood fibrocytes have been shown 
to express a variety of chemokine receptors including 
CCR7 and CXCR4 [8,25]. Murine models have impli- 
cated a role for fibrocytes in contributing to the patho- 
genic remodeling during pulmonary fibrosis [7,14,25]. 
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Figure 5 Chemokine (C-C motif) receptor 2 (CCR2) ligand 
induces differentiation of human blood fibrocytes. Human 
blood fibrocytes were stimulated with human chemokine (C-C 
motif) ligand 2 (hCCL2) or transforming growth factor (TGF)p and 
grown for 4 days before a-smooth muscle actin levels were 
analyzed. The optical density (OD) reading is the level of a-smooth 
muscle actin, which relates to the amount of fibrocyte 
differentiation into myofibroblasts. *P < 0.05, significantly different 
compared with untreated fibrocytes. ***P < 0.005, significantly 
different compared with untreated fibrocytes. Data are expressed as 
the mean ± SEM (n = 3 replicates per treatment group) 
(representative from three separate experiments). 



However, translating function and effect on chemokine 
neutralization, to human clinical disease has yet to be 
demonstrated. In this study, we showed that CCR2 is 
expressed on human and murine blood fibrocytes. A 
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Figure 6 Chemokine (C-C motif) ligand 2 (CCL2) induced 
chemotactic response in human blood fibrocytes. Human blood 
fibrocytes were subjected to chemotaxis in response to the 
indicated hCCL2 concentrations overnight. *P < 0.05, significantly 
different compared with untreated fibrocytes. Data are expressed as 
the mean ± SEM (n = 3 healthy humans performed in 
quadruplicate per treatment group). 
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previous study in using fibrocytes isolated from fibrotic 
lung tissues revealed the murine CCR2 receptor to be 
highly expressed and to mediate migration ex vivo [6]. 
Human and murine peripheral blood fibrocytes have 
also been shown to express CCR2 [27,28]. We have 
extended these studies by assessing other chemokine- 
associated functions. Moreover, importantly we have 
shown a commonality between the murine and human 
system, in that both human and murine cultured fibro- 
cytes express functional CCR2. A natural extension of 
these studies would be to assess and compare CCR2 on 
fibrocytes isolated from patients with IPF with those iso- 
lated during murine models of lung fibrosis. 

To investigate the functional responses to CCR2 acti- 
vation, we analyzed the effects of CCR2 ligands on var- 
ious activation responses in cultured blood-derived 
fibrocytes. We focused on processes associated with 
fibrosis such as differentiation to myofibroblasts, prolif- 
eration and migration. Fibrocytes are extremely adherent 
cells when isolated and cultured in vitro. However, 
CCL2 promoted the chemotactic migration of fibrocytes. 
Studies have demonstrated increased CCL2 in the circu- 
lation [29] and in the lungs [30,31] of IPF patients and 
there is evidence for a possible concentration gradient 
that may enable chemoattraction activity of CCL2 [31]. 
Therefore, this chemokine axis may be central to the 
observed increase in the number of fibrocytes seen in 
the blood [13] and lungs [32] of IPF patients. 

Previous reports have linked IL-ip and tumor necrosis 
factor a, to enhancing fibrogenic responses in vivo, and 
demonstrated an increase in the secretion of chemokines 
(CCL2 and CXCL8) and hematopoietic growth factors (IL- 
6 and M-CSF) in human peripheral blood fibrocytes [3]. 
We observed no significant CCL2-induced secretion of 
cytokines by human and murine peripheral blood fibro- 
cytes (data not shown). Key hallmarks of active fibrotic 
lesions are the presence of myofibroblasts and a prolifera- 
tion of collagen producing cells [33-35]. TGFp and 
endothelin-1 (ET-1) can promote fibrocyte differentiation 
into myofibroblasts resulting in a cell population produ- 
cing increased collagen and having contractile properties 
[1,4]. We evaluated whether human blood fibrocytes could 
differentiate into myofibroblast-like cells under the influ- 
ence of CCL2. Here, we show that CCL2 promotes myofi- 
broblast differentiation, as detected by increased a-SMA 
expression. Recent studies in human blood fibrocytes have 
shown that a variety of mediators including TGFp and 
cysteinyl leukotrienes modulate fibrocyte proliferation and 
interestingly TGFp induced effects on IPF fibroblasts that 
are partly mediated via CCL2 [4,36]. 

Here, we demonstrate that exogenous hCCL2 and 
mCCL12 lead to increased blood fibrocyte proliferation 
in human and murine cells respectively. Interestingly, 
mCCL2 did not induce mouse fibrocyte proliferation. 



Both mouse chemokines have been shown to bind to 
and signal through CCR2 with similar potencies [22]. 
However, it is has been proposed that mCCL12 may uti- 
lize another receptor in addition to CCR2 [22]. In the 
human blood fibrocyte studies, human cells responded 
to low levels of hCCL2 stimulation. There is no human 
homologue of mCCL12; therefore this data suggests that 
human CCL2 may be more like murine CCL12 with 
respect to fibrocyte function. 

Conclusions 

In summary, the current study, using an optimized fibro- 
cyte isolation technique from both mouse and human 
blood, has demonstrated the presence of functional CCR2 
on a subpopulation of human and murine blood fibrocyte 
cells. Signaling through ligand-CCR2 interactions in both 
human and murine blood fibrocytes induced fibrocyte 
proliferation, differentiation of fibrocytes into myofibro- 
blasts, and a chemotactic response. Comparable CCR2 
expression and biological activity of CCR2-CCL2/CCL12 
in both murine and human fibrocytes was detected. Precli- 
nical murine models of lung fibrosis have demonstrated 
potent therapeutic activity mediated by inhibiting this che- 
mokine axis [6,7,10]. Additionally, fibroblasts from the 
lungs of IPF patients are hyper-responsive to CCL2, 
whereas fibroblasts isolated from non-fibrotic lesions do 
not respond to CCL2 [10]. Taken together, this highlights 
the potential for an anti-CCR2/CCL2 approach at inhibit- 
ing human lung fibrosis through attenuating fibroblast 
activity directly as well as reducing downstream fibrocyte 
profibrotic activities. 

Acknowledgements 

We thank John Oleynick for his assistance in statistical analysis. 
Author details 

departments of Cell Biology and Assay Technologies, Centocor R&D, a 
division of Johnson & Johnson Pharmaceutical Research & Development, 
LLC, Radnor, PA, USA. department of Immunology, Centocor R&D, a division 
of Johnson & Johnson Pharmaceutical Research & Development, LLC, 
Radnor, PA, USA. 

Authors' contributions 

JEE and LAM conceived the study, participated in design and coordination, 
and drafted and wrote the final manuscript. SH participated in conducting 
the studies. MAR, JK and AMD participated in design and coordination. All 
authors read and approved the final manuscript. 

Competing interests 

Centocor R&D sponsored this study. All authors were employed by Centocor 
R&D during this study. 

Received: 14 March 2011 Accepted: 19 October 2011 
Published: 19 October 2011 

References 

1. Abe R, Donnelly SC, Peng T, Bucala R, Metz CN: Peripheral blood 
fibrocytes: differentiation pathway and migration to wound sites. J 

Immunol 2001, 166:7556-7562. 



Ekert et al. Fibrogenesis & Tissue Repair 201 1, 4:23 
http://www.fibrogenesis.eom/content/4/1/23 



Page 9 of 9 



2. Bucala R, Spiegel LA, Chesney J, Hogan M, Cerami A: Circulating fibrocytes 
define a new leukocyte subpopulation that mediates tissue repair. Mol 

Med 1994, 1:71-81. 

3. Chesney J, Metz C, Stavitsky AB, Bacher M, Bucala R: Regulated production 
of type I collagen and inflammatory cytokines by peripheral blood 
fibrocytes. J Immunol 1998, 160:419-425. 

4. Schmidt M, Sun G, Stacey MA, Mori L, Mattoli S: Identification of 
circulating fibrocytes as precursors of bronchial myofibroblasts in 
asthma. J Immunol 2003, 171:380-389. 

5. Abe S, Boyer C, Liu X, Wen FQ, Kobayashi T, Fang Q, Wang X, Hashimoto M, 
Sharp JG, Rennard SI: Cells derived from the circulation contribute to the 
repair of lung injury. Am J Respir Crit Care Med 2004, 170:1 158-1 163. 

6. Moore BB, Kolodsick JE, Thannickal VJ, Cooke K, Moore TA, Hogaboam C, 
Wilke CA, Toews GB: CCR2-mediated recruitment of fibrocytes to the 
alveolar space after fibrotic injury. Am J Pathol 2005, 166:675-684. 

7. Moore BB, Murray L, Das A, Wilke CA, Herrygers AB, Toews GB: The role of 
CCL12 in the recruitment of fibrocytes and lung fibrosis. Am J Respir Cell 
Mol Biol 2006, 35:175-181. 

8. Hashimoto N, Jin H, Liu T, Chensue SW, Phan SH: Bone marrow-derived 
progenitor cells in pulmonary fibrosis. J Clin Invest 2004, 113:243-252. 

9. Phillips RJ, Burdick MD, Hong K, Lutz MA, Murray LA, Xue YY, Belperio JA, 
Keane MP, Strieter RM: Circulating fibrocytes traffic to the lungs in 
response to CXCL12 and mediate fibrosis. J Clin Invest 2004, 114:438-446. 

10. Murray LA, Argentieri RL, Farrell FX, Bracht M, Sheng H, Whitaker B, Beck H, 
Tsui P, Cochlin K, Evanoff HL, Hogaboam CM, Das AM: Hyper- 
responsiveness of IPF/UIP fibroblasts: interplay between TGFbetal, IL-13 
and CCL2. Int J Biochem Cell Biol 2008, 40:2174-2182. 

11. Murray LA, Rosada R, Moreira AP, Joshi A, Kramer MS, Hesson DP, 
Argentieri RL, Mathai S, Gulati M, Herzog EL, Hogaboam CM: Serum 
amyloid P therapeutically attenuates murine bleomycin-induced 
pulmonary fibrosis via its effects on macrophages. PLoS One 2010, 5: 
e9683. 

12. Mathai SK, Gulati M, Peng X, Russell TR, Shaw AC, Rubinowitz AN, 
Murray LA, Siner JM, Antin-Ozerkis DE, Montgomery RR, Reilkoff RA, 
Bucala RJ, Herzog EL: Circulating monocytes from systemic sclerosis 
patients with interstitial lung disease show an enhanced profibrotic 
phenotype. Lab Invest 2010, 90:812-823. 

13. Moeller A, Gilpin SE, Ask K, Cox G, Cook D, Gauldie J, Margetts PJ, Farkas L, 
Dobranowski J, Boylan C, O'Byrne PM, Strieter RM, Kolb M: Circulating 
fibrocytes are an indicator of poor prognosis in idiopathic pulmonary 
fibrosis. Am J Respir Crit Care Med 2009, 179:588-594. 

14. Pilling D, Roife D, Wang M, Ronkainen SD, Crawford JR, Travis EL, 
Gomer RH: Reduction of bleomycin-induced pulmonary fibrosis by 
serum amyloid P. J Immunol 2007, 1 79:4035-4044. 

15. Wesierska-Gadek J, Gueorguieva M, Ranftler C, Zerza-Schnitzhofer G: A new 
multiplex assay allowing simultaneous detection of the inhibition of cell 
proliferation and induction of cell death. J Cell Biochem 2005, 96:1-7. 

16. Micera A, Puxeddu I, Lambiase A, Antonelli A, Bonini S, Aloe L, Pe'er J, Levi- 
Schaffer F: The pro-fibrogenic effect of nerve growth factor on 
conjunctival fibroblasts is mediated by transforming growth factor-beta. 
Clin Exp Allergy 2005, 35:650-656. 

17. Micera A, Vigneti E, Pickholtz D, Reich R, Pappo O, Bonini S, Maquart FX, 
Aloe L, Levi-Schaffer F: Nerve growth factor displays stimulatory effects 
on human skin and lung fibroblasts, demonstrating a direct role for this 
factor in tissue repair. Proc Natl Acad Sci USA 2001, 98:6162-6167. 

18. Puxeddu I, Bader R, Piliponsky AM, Reich R, Levi-Schaffer F, Berkman N: The 
CC chemokine eotaxin/CCL1 1 has a selective profibrogenic effect on 
human lung fibroblasts. J Allergy Clin Immunol 2006, 1 17:103-1 10. 

19. van Deventer HW, Wu QP, Bergstralh DT, Davis BK, O'Connor BP, Ting JP, 
Serody JS: C-C chemokine receptor 5 on pulmonary fibrocytes facilitates 
migration and promotes metastasis via matrix metalloproteinase 9. Am J 
Pathol 2008, 173:253-264. 

20. Chesney J, Bucala R: Peripheral blood fibrocytes: mesenchymal precursor 
cells and the pathogenesis of fibrosis. Curr Rheumatol Rep 2000, 
2:501-505. 

21. Gross TJ, Hunninghake GW: Idiopathic pulmonary fibrosis. N Engl J Med 
2001, 345:517-525. 

22. Sarafi MN, Garcia-Zepeda EA, MacLean JA, Charo IF, Luster AD: Murine 
monocyte chemoattractant protein (MCP)-5: a novel CC chemokine that 
is a structural and functional homologue of human MCP-1. J Exp Med 

1997, 185:99-109. 



23. Kovacs EJ, DiPietro LA: Fibrogenic cytokines and connective tissue 
production. FASEB J 1994, 8:854-861. 

24. Pilling D, Buckley CD, Salmon M, Gomer RH: Inhibition of fibrocyte 
differentiation by serum amyloid P. J Immunol 2003, 171:5537-5546. 

25. Phillips RJ, Burdick MD, Hong K, Lutz MA, Murray LA, Xue YY, Belperio JA, 
Keane MP, Strieter RM: Circulating fibrocytes traffic to the lungs in 
response to CXCL12 and mediate fibrosis. J Clin Invest 2004, 114:438-446. 

26. Murray LA, Chen Q, Kramer MS, Hesson DP, Argentieri RL, Peng X, Gulati M, 
Homer RJ, Russell T, van Rooijen N, Elias JA, Hogaboam CM, Herzog EL: 
TGF-beta driven lung fibrosis is macrophage dependent and blocked by 
serum amyloid P. Int J Biochem Cell Biol 201 1, 43:154-162. 

27. Mehrad B, Burdick MD, Strieter RM: Fibrocyte CXCR4 regulation as a 
therapeutic target in pulmonary fibrosis. Int J Biochem Cell Biol 2009, 
41:1708-1718. 

28. Hong KM, Burdick MD, Phillips RJ, Heber D, Strieter RM: Characterization of 
human fibrocytes as circulating adipocyte progenitors and the 
formation of human adipose tissue in SCID mice. FASEB J 2005, 
19:2029-2031. 

29. Murray LA, Rosada R, Moreira AP, Joshi A, Kramer MS, Hesson DP, 
Argentieri RL, Mathai S, Gulati M, Herzog EL, Hogaboam CM: Serum 
amyloid P therapeutically attenuates murine bleomycin-induced 
pulmonary fibrosis via its effects on macrophages. PLoS One 2010, 5: 
e9683. 

30. Shinoda H, Tasaka S, Fujishima S, Yamasawa W, Miyamoto K, Nakano Y, 
Kamata H, Hasegawa N, Ishizaka A: Elevated CC chemokine level in 
bronchoalveolar lavage fluid is predictive of a poor outcome of 
idiopathic pulmonary fibrosis. Respiration 2009, 78:285-292. 

31. Suga M, lyonaga K, Ichiyasu H, Saita N, Yamasaki H, Ando M: Clinical 
significance of MCP-1 levels in BALF and serum in patients with 
interstitial lung diseases. Eur Respir J 1999, 14:376-382. 

32. Andersson-Sjoland A, de Alba CG, Nihlberg K, Becerril C, Ramirez R, Pardo A, 
Westergren-Thorsson G, Selman M: Fibrocytes are a potential source of 
lung fibroblasts in idiopathic pulmonary fibrosis. Int J Biochem Cell Biol 
2008, 40:2129-2140. 

33. Lama VN, Phan SH: The extrapulmonary origin of fibroblasts: stem/ 
progenitor cells and beyond. Proc Am Thorac Soc 2006, 3:373-376. 

34. Phan SH: The myofibroblast in pulmonary fibrosis. Chest 2002, 
122(Suppl):286S-289S. 

35. Willis BC, Borok Z: TGF-beta-induced EMT: mechanisms and implications 
for fibrotic lung disease. Am J Physiol Lung Cell Mol Physiol 2007, 293: 
L525-534. 

36. Vannella KM, McMillan TR, Charbeneau RP, Wilke CA, Thomas PE, Toews GB, 
Peters-Golden M, Moore BB: Cysteinyl leukotrienes are autocrine and 
paracrine regulators of fibrocyte function. J Immunol 2007, 1 79:7883-7890. 



doi:1 0.1 186/1 755-1 536-4-23 

Cite this article as: Ekert et al:. Chemokine (C-C motif) ligand 2 mediates 
direct and indirect fibrotic responses in human and murine cultured 
fibrocytes. Fibrogenesis & Tissue Repair 201 1 4:23. 



Submit your next manuscript to BioMed Central 
and take full advantage of: 

• Convenient online submission 

• Thorough peer review 

• No space constraints or color figure charges 

• Immediate publication on acceptance 

• Inclusion in PubMed, CAS, Scopus and Google Scholar 

• Research which is freely available for redistribution 



Submit your manuscript at 
www.biomedcentral.com/submit 



o 



BioMed Central 



